Abstract
Introduction
Multi-axial warp-knitted composites are widely used in the aerospace and marine industries, as well as in wind turbine blades and other complex structural components due to their excellent strength and stiffness to weight ratio [1] [2] [3] [4] . In multi-axial warp-knitted fabrics, since the fiber bundles are not interlaced with each other, the laid fiber bundles are aligned in a straight line so that the fiber bundles can exhibit maximum tensile strength. They are manufactured from multiple layers of straight fiber bundles with different orientations stitched together by the warp knitting procedure, greatly improving the economic benefits [5, 6] .This makes them attractive materials for use in high-performance composite parts [7, 8] . With the rapid development of computer technology, the application of finite element simulation analysis of composite materials' mechanical, thermal conductivity and electromagnetic performance has become one of the most effective methods to ensure accurate, efficient and flexible analysis, greatly reducing the cost of experiment analysis. Abaqus is more advanced commercial software in the field of FEA, with a strong advantage in simple linear simulation and nonlinear correlation problem analysis.
Gao, et al. [9] tested the tensile-tensile fatigue behaviour of a multi-axial warp-knitted reinforced composite. Post-fatigue failure was attributed to debonding between the fiber and matrix after 1/3N and 2/3N at the 75% stress level. Wang, et al [10] studied the strength and damage of uniaxial composites, matrix fracture, fiber/matrix interface damage and fiber damage with numerical simulation. The results finally showed that the damage was consistent with the experimental results from the fiber fracture to matrix fracture. Mramesh, et al. [11] evaluated the tensile properties, flexural properties and impact properties of hybrid composites reinforced with kenaf and glass fibers by means of finite element analysis and experimental testing. Yang, et al. [12] compared the experimental results with those simulated for 3D orthogonal woven composites. The results showed that the maximum differences are 3.23% and 7.94% in 0° and 90° directions, and the model could be used to simulate the tensile properties of 3DOWC. Xu, et al. [13] studied the uni-axial tensile behaviour of metallic warp-knitted fabric by FEA. The simulation was in good agreement with the experimental tensile process. Wan, et al. [14] analysed the damage behaviors of biaxial multi-layer warp-knitted composite materials subjected to quasi-static and high strain rate compressions using the multi-scale method. Jiang, et al. [15] researched the tensile and ballistic penetration damage characterisations of a 2D triaxially braided composite by multi-scale finite element analysis. The results showed that the locations of stress propagation, the stress distribution and progressive failure behaviour in the composites could be clearly shown in the finite element model. The finite element model of a plain weave composite was developed in [16] , where the yarns developed, constituting unit cells, were considered as elastomers and transversely isotropic, and the matrix was considered as isotropic. Chao, et al. [17] a meso-scale finite element analysis of the mechanical behaviour of 3D braided composites subjected to biaxial tensile loadings. It was found that their findings may be a new reference for future investigations on the mechanical behaviour of other fiber composites. Thompson, et al. [18] investigated the stress field in the inter-layer of laminates under axial loading using the finite element method. Whitcomb, et al. [19] proposed an iterative holistic/local finite element analysis method. The basic idea is based on an overall model of the displacement and load as a local region analysis of the boundary conditions. The finite element method has been found to be one of the most powerful tools in analysing stress variation and computing the independent variation of stress with time [20] . Nowadays more and more researches are concerning on finite element analysis, which is high-tech as well as highly efficient and accurate. However, its applicability to biaxial warp-knitted glass fabric composites is restricted.
In this paper, the quasi-static tensile properties of biaxial glass fiber/epoxy composites manufactured by applying VARTM were tested in 0° and 90° directions.
A three-dimensional model of biaxial warp-knitted fabric on a meso-scale was established based on ABAQUS software.
The tensile behavior of biaxial warp-knitted composites in 0° and 90° directions were numerically simulated in Abaqus software, which were compared with the experimental results. The FE model verified could be used to analyse the tensile process and damage mechanism of biaxial warp-knitted fabric composites.
Materials
Biaxial warp-knitted fabric is composed of three systems of yarns, including warp, weft and warp-knitted yarns, which are bundled together in a warp-knitted structure [21] . The properties and photograph of biaxial warp-knitted fabric are shown in Table 1 and Figure 1 .
Specimen preparation
The stacking sequence of the biaxial [0/90] laminates were (0/90, 0/90, 0/90, 0/90), which were laid onto the molding. A solution composed of 100 parts mass of epoxy resin (E-2511-1A) and 30 parts mass of curing agent (2511-1BT) was used for infusion at a vacuum pressure of -0.095 MPa. The flow of resin was controlled with the help of a peristaltic pump in such a way that it was allowed to flow in the distribution medium for some distance, and then the resin inlet was shut off to enable the resin to flow through the thickness. This cycle was repeated until the whole panel was soaked in resin. During injection, a vacuum of -0.095 MPa was applied in the cavity. After injection, the mould was transferred to a furnace maintained at 80 °C for 8 h for fast curing. The composite plate was then demoulded. Specimens were cut into narrow strips of 250 mm (length) × 25 mm (width) × 1 mm (thickness) according to ASTM D3039/3039M-14. In order to reduce damage to the sample in the clamping area and transfer the tensile load better from the clamping area, three-millimeter-thick composite end tabs with dimensions of 50 × 25 mm were glued onto the samples to minimise localised damage and to provide better load transfer from the grips to the specimens, respectively. The test speed was 2 mm/min, and the strain was continuously measured with an extensometer, where the gauge length between the top and bottom grip was set as 150 mm. A minimum of five samples were tested in each direction for each composite type. The fiber volume fraction of the composite specimen was obtained by applying igniting methods according to Standard GB/T 2577-2005.
The specimen was burned in a muffle at a temperature of 450~650 °C and the epoxy evaporated. The fiber volume fraction was calculated by weighing the specimen and residue. The tensile behaviour of the biaxial warp-knitted composite is shown in Table 2 , and SEM photographs of the fiber surface and fractured sample before and after tensile tests are shown in Figures 2 and 3 .
The SEM photographs in Figure 2 show that the fiber surface is smooth and neatly arranged, and that the interface between the resin and glass fiber is better bonded. Fiber debonding occurs after fracture, and fibers of varied length will be pulled out. Figure 3 .a shows that the fiber fracture section is uneven and that the The SEM photographs in Figure 2 show that the fiber surface is smooth and neatly arranged, and that the interface between the resin and glass fiber is better bonded. Fiber debonding occurs after fracture, and fibers of varied length will be pulled out . Figure 3 (a) shows that the fiber fracture section is uneven and that the fibers are ductile fractured. As shown in Figure 3 (d), it can be ascertained that the fiber is wrapped all around by the resin in the fracture section.
4.Fiber Volume Fraction Calculation
The fiber volume fraction of the biaxial warp-knitted composite was calculated according to equation (1) . Average values of the mass and volume of composite samples before and after burning are shown in Table 3 . 
In order to simplify the modeling, the effect of the warp yarn on the composite material is equivalent to that of the matrix on the composite, i.e. the effect of the warp yarn is taken into account by strengthening the effect of the matrix on the composite. It was possible to obtain the mechanical properties of the equivalent "matrix" through the combination of the warp yarn, matrix volume ratio and its corresponding mechanical behaviour. Based on equations, the stiffness and intensity of the equivalent "matrix" were calculated using V m and V f , which are 43.4% and 56.6%, respectively, as shown in Tables 6 and 7 .
The stiffness and strength of the equivalent "matrix" in Tables 6 and 7 are calfibers are ductile fractured. As shown in Figure 3 .d, it can be ascertained that the fiber is wrapped all around by the resin in the fracture section.
Fiber volume fraction calculation
The fiber volume fraction of the biaxial warp-knitted composite was calculated according to Equation (1). Average values of the mass and volume of composite samples before and after burning are shown in Table 3 .
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Where, ρ m is the matrix density (g/cm 3 ), ρ f is the glass fiber density (g/cm 3 ), W m is the matrix quality (g), and W f is the glass fiber quality (g).
Finite element model
In the finite element model of biaxial warp-knitted fabric, the warp and weft yarn were assumed as follows: (1) The yarn has a rectangular cross section; (2) the yarn is arranged evenly, and there is a certain distance to fill the matrix; (3) the yarn contacts directly with the matrix and there is no relative slippage.
The biaxial warp-knitted composites were combined with the resin very well in each layer. The role of the warp yarn was attributed to the resin, and the two parts were equivalent to a unidirectional composite. Therefore the model could be simplified as warp yarn, weft yarn and resin matrix. The matrix was assumed as isotropic material and the yarns considered as transversely isotropic.
Material parameters and damage criteria
Mechanical properties of the resin are shown as Table 4 . Mechanical properties of the glass fiber tows in 0° and 90° directions are shown as Table 5 , where subscripts 11 & 22 represent the axis direction of the coordinate system, subscripts 12, 13 & 23 -planes. X T , X C , Y T & Y C , and SS denote the tensile strength in the X direction, the compressive strength in the X direction, the tensile strength in the Y direction, the compressive strength in the Y direction, and the in-plane shear strength, respectively. units, with a warp width of 4.2mm, thickness of 0.45mm and spacing of 0.8mm, and with a weft width of 3.8mm, thickness of 0.25mm and spacing of 1.2mm through the creation of parts ordered.
The porosity of the material is 6.26%. A FE model of the warp-knitted composite is shown in Figure   5 . 
Contact definition and boundary conditions
The biaxial warp-knitted composite is composed of warp yarn, weft yarn and matrix. In order to separate each component, the "tie" constraint was used to bind the warp yarn, weft yarn and matrix, and the "general" was used to constrain the inter-layer of the yarn during analysis.
An initial constraint is applied at one end of the model with three translational displacements of the main restraining end (Ux=Uy=Uz=0), and a reference point is established at the other end of the model.
Meshing
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Unit cell model
To save computing time, only a 1/4 part of the composite material with a size of 125 mm × 12.5 mm × 2.8 mm was developed in ABAQUS.
In the fabric, the warp yarn has a length of 4.2 mm, consisting of a variety of material entity units, with a warp width of 4.2 mm, thickness of 0.45 mm and spacing of 0.8 mm, and with a weft width of 3.8 mm, thickness of 0.25 mm and spacing of 1.2 mm through the creation of parts ordered. The porosity of the material is 6.26%. A FE model of the warp-knitted composite is shown in Figure 5 .
Contact definition and boundary conditions
An initial constraint is applied at one end of the model with three translational displacements of the main restraining end (Ux = Uy = Uz = 0), and a reference point is established at the other end of the model.
Meshing
When the grid size is small enough, with an approximate value of 3 mm, the calculation results are relatively stable. In this paper the mesh size is 3 mm and the element type is a three-dimensional solid hexahedral eight-node (C3D8R) linear reduction integral unit. The model meshing is shown in Figure 6 .
Simulation results and experiment verification
Damage fracture morphology Stress distributions at different strain levels in 0° and 90° directions are shown in Figures 7 and 8 . Figure 7 shows the damage fracture morphology at 8% strain in the 0° direction. The most serious fracture damage occurred in the force direction parallel to the warp yarn, which the red colour indicates. Due to the effect of the transverse weft and matrix, the fracture of the composites is caused by cracks which do not penetrate the whole section; however, the interval is scattered mainly because of the different mechanical properties of the materials. Figure 8 shows the damage fracture morphology at 5% strain in the 90° direction. It can be concluded that the damage morphologies are located mainly in the 90° direction and that the yarns in the 0° direction and matrix are hardly broken. A comparison between stress-strain curves of the FEA simulation and experimental results is shown in Figure 9 . It is obvious from Figure 9 that there are good agreements between experimental
When the specimen is stretched in the 90° direction, the load is afforded mainly by the weft yarn and matrix. Since the yarn in the 0° direction has a linearity of 2400 tex and the yarn in the 90° direction has only 1500 tex, it can be concluded that the stress tensors in the 0° direction are higher than that in 90° direction.
Results and discussion
The nominal stress-strain curve obtained from numerical simulation will be transformed into a real stress-strain curve process, i.e. curve is afforded mainly by the weft yarn and matrix. Since the yarn in the 0° direction 400tex and the yarn in the 90° direction has only 1500tex, it can be concluded that in the 0° direction are higher than that in 90° direction. 
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Where Fig.8 Damage fracture morphology at 5% strain in 90° direction Figure 8 shows the damage fracture morphology at 5% strain in the 90° direction. It can be concluded that the damage morphologies are located mainly in the 90° direction and that the yarns in the 0° direction and matrix are hardly broken. When the specimen is stretched in the 90° direction, the load is afforded mainly by the weft yarn and matrix. Since the yarn in the 0° direction has a linearity of 2400tex and the yarn in the 90° direction has only 1500tex, it can be concluded that the stress tensors in the 0° direction are higher than that in 90° direction.
The nominal stress-strain curve obtained from numerical simulation will be transformed into a real stress-strain curve process, i.e. curve 
Where  is the engineering stress,  the engineering strain,  the real stress, and  the real strain.
is the engineering stress, η is the engineering strain, σ is the real stress, and ε is the real strain.
A comparison between stress-strain curves of the FEA simulation and experimental results is shown in Figure 9 . It is obvious from Figure 9 that there are good agreements between experimental and numerical results in 0° and 90° directions. The maximum errors sum of squares for experimental results in 0° and 90° directions are 14.52% and 33.29% respectively. The slight deviation between experimental and numerical results was attributed to fact that the actual fiber distribution was not precisely modelled in the model. Moreover the slight deviation could be explained as the continuous nature of the model could not include the discontinuous and non-uniform microstructure of the material. It could also be explained by the effect of other factors, such as the neglecting of the contact between yarns and the influences of few internal pores and impurities. Therefore the finite element model could be used to predict other mechanical performance.
Conclusion
In this paper, the tensile behaviour of a biaxial warp-knitted composite on a meso-scale was studied. An FE model was developed in ABAQUS software to characterise the tensile behaviour of the biaxial warp-knitted composite. A composite specimen was also subjected to tensile tests in 0° and 90° directions, respectively. The experimental results were compared with finite element simulation data. There are maximum errors sum of squares of 14.52% and 33.29% in 0° and 90° directions respectively. It was found that there are approximate agreements, which proves the validity of the FE model. Therefore the FE model, which has advantages of lower time and economic costing, could be used to precisely predict the mechanical properties of other axial composites. fracture damage occurred in the force direction parallel to the warp yarn, which the red colour indicates. Due to the effect of the transverse weft and matrix, the fracture of the composites is caused by cracks which do not penetrate the whole section; however, the interval is scattered mainly because of the different mechanical properties of the materials. Fig.7 Damage fracture morphology at 8% strain in 0° direction Fig.8 Damage fracture morphology at 5% strain in 90° direction Figure 8 shows the damage fracture morphology at 5% strain in the 90° direction. It can be concluded that the damage morphologies are located mainly in the 90° direction and that the yarns in the 0° direction and matrix are hardly broken. When the specimen is stretched in the 90° direction, the load is afforded mainly by the weft yarn and matrix. Since the yarn in the 0° direction has a linearity of 2400tex and the yarn in the 90° direction has only 1500tex, it can be concluded that the stress tensors in the 0° direction are higher than that in 90° direction.
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Where  is the engineering stress,  the engineering strain,  the real stress, and  the real strain. 
